1. Introduction {#sec0005}
===============

Epigenetic regulation is a fundamental property of eukaryotic genomes. It enables the development of multicellular organisms by permitting the specification of different cell types starting from identical DNA sequence, and it was in this context that the term was initially proposed \[[@bib0005]\]. Such a broad definition however leads to confusion whereby almost any process that regulates gene expression might be regarded as epigenetic. A more precise definition states that epigenetic regulation causes a change in gene expression that is heritable through cell division in the absence of any change in the DNA sequence (Holliday 1988). In this article I will follow this definition, recognising that describing a molecular mechanism as epigenetic is a shorthand for stating that it has the capacity to act epigenetically, rather than suggesting that every occurrence is a case of epigenetic regulation. Many molecular pathways have the capacity to act epigenetically, including DNA methylation \[[@bib0010]\], histone modifications \[[@bib0015]\], small RNAs \[[@bib0020]\] and even protein-protein interactions \[[@bib0025]\].

In addition to specifying cell types through development, there is a growing realisation that epigenetic changes can be propagated across generations in the absence of any sequence differences. Such multi-generational epigenetic phenomena are classified as intergenerational if they pass through one generation, and transgenerational if two or more generations of inheritance occur. Whilst cases of transgenerational epigenetic inheritance have been known about for decades, it is only relatively recently that insight into the mechanisms behind them has been provided, primarily by using carefully controlled studies with isogenic model organisms \[[@bib0030]\].

The growing appreciation of the molecular mechanisms of transgenerational epigenetic inheritance has led to the recognition of transgenerational epigenetic inheritance as an important phenomenon in mainstream molecular biology. Whether mechanisms of transgenerational epigenetic inheritance contribute to evolutionary processes is much less well understood. Importantly, extrapolating from laboratory studies of transgenerational epigenetic processes to evolution either requires long-term laboratory evolution studies or presents researchers with the difficulty of distinguishing between epigenetic differences and DNA sequence differences in non-isogenic wild populations. Nevertheless, several important insights have been obtained, allowing plausible hypotheses about how evolution and epigenetics impact one another. In the following article, I will explore three areas where important connections between evolution and epigenetics and evolution have been made. In the first section, I will explore whether multi-generational epigenetic inheritance phenomena limited to a few generations could have been selected as adaptive responses to environmental conditions. In the second section I will review studies investigating whether epigenetic changes can underpin evolutionary change in wild populations. Finally, I will explore the possibility that epigenetic differences could lead to evolution through promoting changes in DNA sequence. In the last two sections, the development of cancer in humans is a topic of particular interest, as the rapid mitotic growth of cancer cells subjects them to evolutionary forces in the absence of meiotic changes in epigenetics, potentially making them prime subjects where epigenetic changes could drive evolutionary divergence.

2. Adaptive roles of transgenerational epigenetic inheritance {#sec0010}
=============================================================

2.1. Transgenerational epigenetic phenomena in rodents {#sec0015}
------------------------------------------------------

In rodents several well-controlled research paradigms have been developed where a stimulus applied to an organism leads to phenotypic changes in subsequent generations. Many of these have focused on dietary alterations. One frequently used paradigm is parental undernutrition, in which mothers are provided with 50% of the typical energy content consumed by mice fed ad libitum \[[@bib0035]\]. F1 Offspring of these mothers showed marked changes in glucose tolerance and importantly F2 offspring derived from F1 males displayed metabolic abnormalities similar to the F1s. The capacity of the phenotype to be passed on through sperm to the F2 generation confirms the transgenerational epigenetic transmission of the phenomenon \[[@bib0040]\]. Molecular studies performed by Radford et al., showed that DNA methylation patterns in sperm from F1 males derived from undernourished mothers was perturbed \[[@bib0040]\], although whether these changes are directly responsible for the transmission of the phenotype is unknown. Despite the fact that global DNA demethylation takes place during embryonic development in mammals \[[@bib0045]\], some regions of the genome escape demethylation, which may provide a route for DNA methylation changes to be passed on to the next generation \[[@bib0050]\].

Could the heritable epigenetic differences in the offspring of undernourished mothers have an adaptive function? It is tempting to speculate that starved mothers produce offspring that attempt to compensate for an environmental deficient in calories. In a resource-rich environment this may result in overconsumption of food and consequent glucose intolerance/type II diabetes. This possibility was proposed as the "thrifty" phenotype, on the basis of observations made on the association between low birth weight and diabetes later in life \[[@bib0055]\]. These early observations have subsequently been replicated in a number of studies, though not without controversy (reviewed in \[[@bib0060]\]). More controversial is a tentative link made on the basis of the offspring of humans exposed to low nutrition during the infamous "Dutch Famine", where the development of type II diabetes was associated with some changes in DNA methylation \[[@bib0065]\]. Nevertheless, it is tempting to link these human data with the mouse studies, suggesting conservation across mammals. For this to be valid, two important criteria must be satisfied. First, there must be evidence that, despite the apparent fitness deficit of F1 and F2 individuals when fed ad libitum, they show higher fitness when exposed to starvation conditions. These experiments have yet to be performed. Second, importantly, the idea that the phenotype is adaptive implies that the effect of starvation is under positive selection. For this to be the case, rodents in the wild would have to have experienced similar periods of starvation in order for organisms displaying epigenetic inheritance of the thrifty phenotype to have been subject to positive selection. Whilst it seems reasonable that periods of low food might be part of the natural ecology of a wild mouse (at least if she is a "country" mouse rather than a "town" mouse!), very little is known about their ecology and typical diet making such inferences hard to make. In the absence of this, it would be interesting to test how widespread the phenomenon is across different mouse strains, which have different domestication histories and thus may have evolved subtly different responses to low food.

An alternative well-studied paradigm for transgenerational epigenetic inheritance is to focus on paternally transmitted effects- males contribute less to the offspring than females potentially making it easier to identify the transmitted signal. In this paradigm males are fed with a high-fat \[[@bib0070]\] or a low-protein diet \[[@bib0075]\] and the phenotype of the F1 and F2 generation assessed. Metabolic abnormalities persisting up to the F2 generation include altered hepatic cholesterol metabolism \[[@bib0075]\] and glucose intolerance \[[@bib0070]\]. The transmission of these effects was shown to be through RNA and, intriguingly, linked to a poorly understood class of small RNAs derived from tRNA cleavage \[[@bib0070],[@bib0080]\]. The tRNA fragments are actively transported into developing sperm and the process as a whole is required for normal embryonic development \[[@bib0085],[@bib0090]\]. However, exactly how the sperm tRNA fragments result in transgenerational epigenetic inheritance is unclear. Data from RNAseq of embryos derived from low-protein fathers was interpreted to suggest that endogenous retroviral transcripts were targeted by tRNA fragments \[[@bib0080]\]. Contrastingly, the tRNA fragments in sperm derived from high-fat diet fed mice were suggested to result directly in gene expression changes through promoter-RNA interactions \[[@bib0070]\]. However there is little direct mechanistic evidence for either of these proposals. Nevertheless, alterations in sperm tRNA fragments and their transmission into the next generation may have a general role in transgenerational epigenetic regulation in mammals.

Despite the existence of a defined mechanism to enable environmental perturbations to be transmitted through sperm, whether these represent adaptive responses is far from clear. Whilst undernutrition, including low protein supply, might be plausible in the natural environment, the overfeeding paradigm seems unlikely to have occurred naturally during mouse evolution. In this regard it is curious that despite an ostensibly opposite stimulus the phenotypic effect on the offspring of overfeeding are similar to the effect of underfeeding, whether transmitted maternally or paternally. This argues against an adaptive role for transgenerational epigenetic inheritance of dietary perturbations. Instead, one could argue that both undernutrition and overnutrition represent examples of pathological stresses that perturb metabolic networks in subsequent generations in a non-adaptive manner. Potentially, diabetes and glucose intolerance are pleiotropric traits that rely on many different inputs thus are highly sensitive to any perturbations in the metabolic network.

In addition to dietary interventions, some of the most spectacular reports of transgenerational epigenetic inheritance in rodents have come from behavioural studies. In one study, Gapp et al., treated newborn mice with a regime involving periods of unnatural separation from maternal care \[[@bib0095]\]. F1 and F2 offspring from these mice showed several abnormal behavioural traits including in tests supposed to assess depression-like phenotypes. Importantly, Gapp et al., were able to provide mechanistic details of how this was transmitted, demonstrating that small RNAs in the sperm were responsible for transmitting the phenotype. They also observed changes in the RNA profile of sperm, including miRNAs and piRNAs, although whether these differences were responsible for the epigenetic effects in the next generation is unclear; the group did not test for tRNA fragments, which may also have an important role in this phenomenon \[[@bib0095]\]. Interestingly recent data suggests that long RNA as well as short RNA may have a role in the transmission of this phenotype \[[@bib0100]\].

Transgenerational effects on behaviour have also been observed resulting from stresses applied to male mice. A recent example studied exposure of male mice to high doses of nicotine, which was shown to lead to learning defects in F1 offspring, some of which persisted into F2 offspring \[[@bib0105]\]. In this case the phenotype was linked to alterations in DNA methylation of the dopamine receptor in sperm, although as whether alterations in DNA methylation are themselves responsible for transgenerational transmission is unknown.

Taking both behavioural and metabolic paradigms together, it is far from obvious that there is any adaptive role to transgenerational epigenetic inheritance paradigms so far described in rodents. Indeed, the phenotypes so far described seem to be maladaptive. This probably results from the fact that the stresses applied to the P0 generation in order to observe these effects are severe and non-physiological. The question of whether more realistic stresses can give rise to transgenerational effects remains to be answered.

2.2. Transgenerational epigenetic inheritance in *C. elegans* {#sec0020}
-------------------------------------------------------------

Mechanistic information about how transgenerational epigenetic inheritance works in animals is most advanced in the nematode *C. elegans*, which, due to its short lifecycle has become the model of choice for many researchers interested in these phenomena. The molecular basis of transgenerational epigenetic inheritance in *C. elegans* was first discovered by examining transgene silencing. Transgenes containing tracts of foreign sequence, such as GFP, can be silenced by supply of exogenous double strand RNA, or piRNAs, a type of endogenously produced small RNA that recognises sequences through imperfect sense-antisense base pairing within the 3'UTR or coding region \[[@bib0110], [@bib0115], [@bib0120]\]. Importantly both exogenous dsRNA and piRNA-mediated silencing trigger the generation of a further type of small RNA known as 22G-RNAs by RNA dependent RNA polymerases using the target RNA as a template \[[@bib0125],[@bib0130]\]. 22G-RNAs are transmitted transgenerationally in complex with an argonaute (HRDE-1) and can trigger further 22G-RNA biogenesis independently of piRNAs, thus acting as the mediators of epigenetic silencing \[[@bib0110], [@bib0115], [@bib0120],[@bib0135]\]. In the case of piRNA-mediated silencing of transgenes the duration of inheritance can be extremely long \[[@bib0120],[@bib0140]\]. Interestingly, mechanisms acting against transgenerational epigenetic silencing have also been proposed. The initiation of 22G-RNA mediated silencing has been proposed to be antagonised by an alternative set of 22G-RNAs bound to the argonaute CSR-1 \[[@bib0145],[@bib0150]\], and the duration of small RNA mediated inheritance may be curtailed by feedback mechanisms at the level of small RNA processing genes and at the chromatin level \[[@bib0155], [@bib0160], [@bib0165]\].

The presence of the HRDE-1 gene, a mechanism to perpetuate transmitted 22G-RNAs and balancing mechanisms that limit the duration of the response all suggest that a dedicated transgenerational epigenetic inheritance machinery exists in *C. elegans*, which supports an adaptive role for the process. So far however this role is yet to be clearly defined. An important series of studies showed that mutants lacking key components of the transgenerational small RNA inheritance machinery have a so-called "mortal germline" phenotype such that the fertility of the animals gradually declines over several generations \[[@bib0115],[@bib0170]\], suggesting that transgenerational inheritance is required for long-term maintenance of fertility. One hypothesis is that this represents the build up of toxic repetitive RNA, a kind of epigenetic anticipation analogous to the gradual worsening of the phenotype of trinucleotide expansion disorders such as Huntingdon's disease over several generations. In this view, transgenerational inheritance of silencing signals might be an important part of homeostasis due to the short lifecycle of *C. elegans* relative to the half-life of individual RNA molecules \[[@bib0170]\]. A similar concept may apply to the role of the alternative CSR-1 pathway of 22G-RNAs, where CSR-1 activity is proposed to have an anti-silencing function \[[@bib0150],[@bib0175]\]. Reduced CSR-1 levels leads to progressive accumulation of germline defects, which were linked to decreased expression levels of CSR-1 targets, although the atrophy of the germline in CSR-1 mutants complicates this analysis somewhat \[[@bib0145]\].

An alternative possibility is that small RNA-mediated epigenetic inheritance exists in order to provide an adaptive response to environmental conditions. For this to be the case, there must exist stimuli that lead to changes in small RNA population in the germline that could be transmitted into the next generation. In support of this possibility, starvation of *C. elegans* larvae results in gene expression changes, some of which are retained after 3 generations and can be linked to differences in 22G-RNAs \[[@bib0180]\]. However, the only phenotypic effect linked to this phenomenon was a shortened lifespan, making it difficult to argue that this is an adaptive phenomenon.

Since the piRNA pathway acts upstream of transgenerational epigenetic inheritance in *C. elegans*, one approach to identify potential adaptive consequences is to search for stimuli that lead to alterations in the strength of the piRNA pathway. An alteration in the strength of piRNA-mediated silencing would lead to either initiation of new silencing or loss of existing silencing which could establish transgenerational epigenetic gene expression changes. A screen for factors affecting piRNA biogenesis showed that a moderate increase in temperature weakened the piRNA pathway leading to desilencing of some targets, which could be inherited transgenerationally. Interestingly however, this could be completely supressed by simultaneous exposure to pathogenic bacteria \[[@bib0185]\]. Moreover, bacterial infection, whilst compromising fitness in infected individuals, led to enhanced fitness of offspring in subsequent generations when returned to 20C in the absence of infection. Whilst the adaptive function of this in the environment is still unclear, these experiments demonstrate that investigating how environmental triggers impact piRNA biogenesis may be an instructive avenue for future research.

3. Evolution driven by epigenetic changes {#sec0025}
=========================================

Over long periods of time it is possible that the ability of transgenerational epigenetic inheritance to establish relatively stable gene expression states in the absence of DNA sequence changes could contribute to evolutionary change by providing a source of variation within the population. By analogy to neoDarwinian terminology, gene expression differences within population can be caused by stable "epialleles" in which epigenetic differences account for differential expression. Similarly, different epialleles can be formed or converted into one another by "epimutation". Epialleles could arise naturally within a population, analogous to a DNA sequence polymorphism; as explained in more detail below, epialleles can also be induced experimentally at endogenous loci through genetic manipulation. In theory, selection and drift could act on epialleles that occur in wild populations, just as they act on DNA sequence polymorphisms, with the result that epiallele frequencies change and different epialleles may even go to fixation within a population. Whilst apparently simple enough, these concepts have historically been controversial \[[@bib0190]\]. As explained in more detail below part of this controversy relates to whether an epiallele really does behave as a classical allele. The issue is further complicated by the fact that the effect of epigenetic differences on evolutionary processes is studied within the context of two fundamentally different paradigms in which epigenetics plays different roles ([Fig. 1](#fig0005){ref-type="fig"}). In the first model epigenetic mechanisms are the effectors of DNA sequence variation differences. In this model epigenetic mechanisms act downstream of classical DNA sequence polymorphisms to bring about phenotypic differences. The epigenetic effector model is fully consistent with the modern synthesis as it does not require epigenetic changes to be inherited transgenerationally. In the second model, epigenetic mechanisms alone drive phenotypic changes in the absence of DNA sequence differences. Distinguishing between the effector and driver scenarios can often be difficult as in any natural population both DNA sequence and epigenetic variation are likely to be intermingled. Nevertheless, studies in natural populations and model organisms have provided some examples where epigenetic mechanisms can be shown to act as either drivers or effectors of phenotypic differences.Fig. 1Characteristics of epialleles.A&B Epialleles in natural populations could either be effectors of DNA sequence change (A) or directly drive phenotypic differences without DNA sequence differences (B).C- Epialleles can either function in trans, where they convert other epialleles at the same locus on different chromosomes to their own state (left) or in cis where their epigenetic state is transmitted longitudinally between generations without affecting the other allele.Fig. 1

3.1. Epigenetic inheritance of the centromere {#sec0030}
---------------------------------------------

In monocentric organisms the correct segregation of chromosomes during cell division depends on the centromere. The centromere is a specialised chromatin structure, with a high degree of compaction of the DNA around modified nucleosome core particles in which histone H3 is replaced by a centromere-specific histone CenH3/CenpA \[[@bib0195]\]. The presence of CENH3 is essential for the attachment of the centromere to a multiprotein complex known as the kinetochore which links the chromosome to the spindle, enabling chromosome segregation in mitosis or meiosis.

The centromere has been proposed to be an example where epigenetic changes alone could drive evolution. In most organisms studied thus far the DNA sequence of the centromere consists of a number of repeats of varying complexity \[[@bib0200]\]. For example the human centromere is made up of varying numbers of repeats of the AT-rich alpha satellite sequence \[[@bib0205]\]. However, early observations showed that some cancer cells have formed an alternative centromere, known as a neocentromere, stably inherited through mitosis apparently without the presence of alpha satellite sequences \[[@bib0210]\]. Subsequently, many neocentromeres have been described either in naturally occurring or artificial manipulations in model organisms \[[@bib0215]\]. The formation of a neocentromere in many cases appears to be completely independent of DNA sequence changes. Indeed, ectopic loading of CENH3 artificially into a specific region of the DNA is sufficient to generate a neocentromere in *Drosophila* \[[@bib0220]\] Once formed, neocentromeres can persist for many generations, thus fulfilling the definition of an epigenetic driver \[[@bib0225]\]. Formation of a new centromere might have strong implications for evolution because it could lead to reproductive incompatibility and promote speciation \[[@bib0230]\].

Whilst these demonstrations show clearly that short term formation of a new centromere can be achieved epigenetically in the laboratory, it is less clear whether these processes explain how centromeres move on an evolutionary timescale. As pointed out above, natural centromeres have unusual and specific DNA sequences. Alpha-satellite repetitive DNA might accumulate at the centromere after its formation through epigenetic processes- indeed evolutionarily recent centromere repositioning is accompanied by accumulation of repetitive sequences \[[@bib0235]\]. Nevertheless, the DNA sequence itself may determine the initial site for centromere repositioning. Indeed, comparative analysis across primates indicates that new centromeres have formed repeatedly in similar chromosomal locations \[[@bib0240]\]. A recent study suggests that evolutionarily stable centromeres require formation of non B-DNA sequence, which can be caused by intrinsic sequence features such as possessed by the alpha satellite, or through sequence specific DNA binding proteins such as CENP-B \[[@bib0245]\]. Thus, whilst transient neocentromeres may be inherited epigenetically, these may be evolutionarily unstable and long-term centromere positioning may be determined predominantly by DNA sequence variation.

3.2. Epialleles in plants {#sec0035}
-------------------------

Stable alleles with alternative epigenetic states have a rich history in plants. One well-studied case is paramutation, where one epiallele can convert another epiallele into the same state in trans ([Fig. 1](#fig0005){ref-type="fig"}C). A good example of paramutation is the B1 locus in maize, discovered to exhibit non-Mendelian inheritance in 1959 \[[@bib0250]\]. Maize plants can exist as either darkly pigmented (B--I) or lightly pigmented (B'). F1 organisms from a cross between B--I and B' maize are all light in colour (the B' phenotype) as are F2 offspring from F1 crosses. Thus exposure of B--I alleles to B' alleles results in permanent conversion of B--I to B', a phenomenon known as paramutation \[[@bib0255]\]. Molecular characterisation of maize paramutation showed that B' and B--I alleles have the same DNA sequence, but B' alleles have higher methylation and much lower expression levels. The differences in methylation rely on small RNAs that map to seven tandem repeats upstream of the gene. The small RNAs are able to transmit the B' phenotype to B--I alleles in trans \[[@bib0260]\]. The paramutation of the b1 locus in maize thus represents a classic example of an epigenetic driver allele, working independently of sequence variation to bring about phenotypic differences. Nevertheless, it is important to note that alleles of the b1 locus in maize that have only one copy of the tandem repeats are resistant to paramutation \[[@bib0265]\]. Thus even in this clear-cut case of an epigenetic driver there is a contribution of pre-existing DNA sequence polymorphisms to the paramutation phenomenon.

The evolutionary significance of b1 paramutation in maize is puzzling. The B' allele is extremely stable. Moreover, B--I alleles are converted into new B' alleles when in the heterozygous state and even plants homozygous for the B--I alleles spontaneously convert into B' \[[@bib0270]\]. Although mathematical analysis indicates that there are parameter ranges within which paramutation processes can be stable \[[@bib0275]\], the relatively high rate of spontaneous B' formation means it is somewhat surprising that any B--I alleles exist in the wild. It is possible that the B--I were formed relatively recently, for example through tandem repeat expansion and the B' allele is currently sweeping through the population; alternatively loss of tandem repeats through unequal recombination might introduce a source of unsilenced alleles into the population \[[@bib0275]\]. Alternatively, the B--I allele might be formed under an unknown stress situation or promote an advantage under certain environmental conditions, maintaining it at low frequency within the population.

The fact that alleles subject to paramutation are unstable within natural populations perhaps explains why examples in plants are still relatively rare. An alternative type of epiallele is one that maintains its state independent of other epialleles ([Fig. 1](#fig0005){ref-type="fig"}). These alleles show Mendelian inheritance and thus are easier to maintain in a polymorphic state within a population. *Arabidopsis* represents a good model to search for such epialleles due to the existence of high quality whole genome methylation maps and fully sequenced natural ecotypes from around the world (known as accessions). Moreover, there is clear experimental evidence in *Arabidopsis* that newly formed epialleles can be stably inherited through recombination even between divergent genotypes \[[@bib0280]\]. Recently, large-scale studies have characterised epigenome and genome variation across accessions \[[@bib0285],[@bib0290]\]. These studies have revealed abundant epialleles- approximately 80% of cytosines in CpG context show differences in methylation status in at least one accession \[[@bib0285]\]. Interestingly, some epigenetic differences can be clearly linked to different environmental conditions suggesting that epigenetic variation may have a role in adaptation to the environment although there is no direct evidence for this as yet \[[@bib0295]\]. A conservative estimate of the fraction of effector epialleles can be obtained by searching for nearby sequence variation that is strongly associated with the presence of each specific epiallele. In a focused study of 150 accessions from Sweden, 45% of epigenetic variation could be clearly associated to cis-acting sequence differences and 21% associated to sequence differences in trans \[[@bib0295]\]. Much of these sequence differences are likely to be due to transposable element polymorphisms \[[@bib0285]\]. Given there are likely to be further effector alleles where the sequence differences are complex or difficult to map, this implies that driver epialleles that act independently of DNA sequence variation are rare.

Global studies estimate the overall contribution of DNA sequence variation to epigenomic variation but demonstrating that any particular epiallele is cis-acting requires more careful analysis. One approach is to generate recombinant inbred lines derived from a cross between two strains with different methylation status at the epiallele. With sufficient recombinants it is possible to rule out long-distance and trans effects of DNA sequence. Although driver epialleles may be the minority, a few cases have been robustly mapped. One particularly interesting example where this may have some significance for evolutionary processes was discovered by the Pikaard lab \[[@bib0300]\]. They discovered that crosses between two accessions led to lethality and mapped the cause of this to a genetic difference in a gene called *HIS6A* \[[@bib0300]\]. *HIS6A* is a developmental gene, which was absent in one but present in the other. Intriguingly, the expression of a paralogue, *HIS6B* was shown to compensate for the absence of *HIS6A*; however, *HIS6B* was epigenetically silenced in the accession in which *HIS6A* was present. The difference in silencing of his6B behaved as an epiallele, with expression status maintained in cis in the heterozygous state. As a result, recombinants carrying the silent *HIS6B* epiallele and the *HIS6A* deletion were inviable, explaining the hybrid incompatibility \[[@bib0300]\]. This example shows that some true driver epialleles may be evolutionarily and ecologically significant; however, it also demonstrates very clearly the close interplay between sequence and epigenetic information in determining phenotypes in evolution.

Epialleles in vertebrates.

The challenges of identifying naturally occurring epialleles that behave as drivers in vertebrate populations are even larger than in *Arabidopsis* due to the large size of the genome and the practical difficulty (or impossibility in most wild populations including human) of generating large numbers of recombinant inbred lines. Systematic approaches have been performed in mouse using a panel of inbred mouse strains. Bisulfite sequencing to map DNA methylation patterns across mouse strains concluded that the majority of epialleles are likely to be effectors of DNA sequence change as there was clear evidence for cis and trans acting sequence variation linked to the most epialleles \[[@bib0305]\]. A more direct approach to map epialleles in near-isogenic animals was recently performed using a single laboratory strain. Here, the authors identified regions of the genome where the epigenetic was particularly variable between individuals and then used breeding experiments to assess the heritability of these differences at a subset of loci. In five out of the six loci investigated there was no correlation between the level of methylation at these loci in the parents and the level in the offspring, with the variability thus being re-established each generation \[[@bib0310]\]. Together these studies suggest that driver epimutations are likely to be very rare in mouse.

Outside of model organisms there have been few genome-wide methylation studies with sufficient resolution to find potential epialleles with roles in adaptation to the environment. However, with the decreased cost of high-throughput sequencing these studies may become more frequent in future. One intriguing recent example concerns cavefish, which have recently transitioned into a light-limited environment accompanied by degeneration of their eyes. The degeneration is correlated to increased DNA methylation of several genes involved in eye development in cavefish relative to surface fish. Interestingly, treating cavefish with 5-Azacytidine to inhibit DNA methylation led to increased eye size \[[@bib0315]\]. Most of the genes involved show nearby sequence variation between cavefish and surface fish, which makes it difficult to argue that the epigenetic change is a driver for the phenotypic alteration rather than an effector \[[@bib0315]\]. Nevertheless, the example does show that gene expression changes with evolutionary significance can be linked to epigenetic alterations.

In human populations, there is much excitement in the possibility that naturally occurring epialleles could be important in human disease. It has even been suggested that epigenetic variation might be a solution to the famous "missing heritability" problem as it could provide heritable variation independent of sequence differences [@bib0490]. So far genome-wide studies of epigenetic variation do not support this possibility; studies attempting to disentangle the effects of genetic and epigenetic variation have shown that genetic variation mostly explains epigenetic variation and adding epigenetic variation as an independent factor does not improve estimates of heritability \[[@bib0320]\]. However the studies so far performed have been on a much smaller scale than studies focusing on genetic variants and it is therefore likely that more epigenetic variation will be uncovered. Another intriguing potential resource so far untapped for DNA methylation studies is trio studies, which could identify de novo silencing events with potential influences on phenotype.

Taken altogether, the results from genome-wide studies across wild populations across eukaryotes have yet to give clear evidence in favour of the driver model where epigenetic changes drive phenotypic changes ([Fig. 1](#fig0005){ref-type="fig"}). Instead, the interplay of DNA sequence and epigenetic changes common to all these examples rather suggests that epigenetic differences are best considered to be effectors of DNA sequence variation. Studying epigenetic differences in natural populations offers a realistic perspective on the epigenetic and sequence changes that have occurred. However, the limitation of studies of existing variation within natural populations is that they do not give an indication of the dynamics of epiallele formation in relation to DNA sequence changes. As indicated from the examples above, if both sequence variation and epigenetic variation occur at a given locus, it is safest to assume that this indicates that the epigenetic changes are effectors of the DNA sequence variation. However, it is possible that the DNA sequence changes seen are either independent of the phenotype or, even more interestingly, occurred after the epigenetic change. For this reason, the clearest mechanistic insight into the contribution that epigenetic changes can make to evolution has come from the study of evolution in controlled laboratory settings.

3.3. Insights into epigenetic inheritance from evolution in the laboratory {#sec0040}
--------------------------------------------------------------------------

Tremendous insight can come from sampling populations over several generations giving insight into evolutionary processes in real time. Such experiments are most conveniently performed using controlled populations in the laboratory using model organisms. Laboratory evolution experiments can be used to study how populations change in the absence of direct selection, and in response to a specific perturbation in their environment such as nutrient limitation. Several parallel experiments can be performed allowing estimation of the repeatability of epigenetic phenomena to be made \[[@bib0325]\]. Potentially, this approach offers a great advantage for studies of how epigenetics contributes to evolution. By starting from isogenic populations DNA sequence changes and epigenetic changes can be observed as they appear, allowing the sequence of molecular events (their "dynamics") to be unravelled.

Studies of the dynamics of epigenetic changes during evolution experiments in the laboratory have been pioneered in *Arabidopsis*. *Arabidopsis* has a short lifecycle, making it feasible to follow multiple generations in the laboratory, and a small, fully assembled genome making it straightforward to obtain high coverage bisulfite sequencing data. Taking advantage of these features, a number of laboratories have adapted the classical mutation accumulation assay in order to study the rate and spectrum of epigenetic changes ("epimutations"). Mutation accumulation assays are performed by propagating several independent lines, each descended from an isogenic startic population, for multiple generations \[[@bib0330]\]. Crucially, the population is passed through a bottleneck every generation in which the population size is kept as low as possible by randomly selecting a small number of individuals. This means that there is virtually no purifying selection because unless a mutation is lethal or results in sterility it has an equal chance be propagated to the next generation \[[@bib0330]\]. These studies therefore allow a good estimate of the actual mutation rate to be made. Similarly, studying the DNA methylation changes in isogenic lines propagated under conditions of minima selection enables assessment of the actual epimutation rate in the absence of the effect of selection.

Several different epimutation accumulation experiments have been performed in *Arabidopsis*, each producing quantitatively similar estimates for the rate at which epimutation arises in the absence of selection \[[@bib0335], [@bib0340], [@bib0345]\]. The interpretation of these studies, however, varies perhaps due to whether one adopts a glass half full or half empty perspective. At the simplest level, an epimutation occurs when methylation is either gained or lost at a single cytosine in the CG, CHH or CHG context. Heritable epimutations were found largely in the CG context and were estimated to occur at a rate of around 1e-4 per base per generation \[[@bib0340],[@bib0345]\]. Clearly this is much faster than the rate at which mutations arise, estimated at around 1e-8 per generation \[[@bib0350]\]. The epimutations observed are highly unlikely to be all linked to underlying DNA sequence changes. However, DNA sequence changes are extremely stable because the rate of back mutation is at usually at least 16-fold lower than the rate of a forward mutation and are usually ignored in modelling MA experiments \[[@bib0330]\]. Contrastingly, epimutations revert with a high frequency, and indeed were estimated to occur at a 3-fold higher frequency than forward epimuations \[[@bib0340]\]. The half-life of epimutations is therefore quite short. Thus, although epimutation leads to divergence within lines, this does not increase linearly over time but instead saturates, so the potential for epigenetic changes alone to contribute to long-term evolutionary divergence is limited \[[@bib0355]\]. Thus, whilst a positive interpretation of these studies suggests epimutations contribute to a dynamic epigenome the more negative perspective is that over the long term DNA sequence variation is likely to be the dominant source of evolutionary change. Consistent with this interpretation, studies comparing a carefully propagated North American *Arabidopsis* accession to its preserved ancestor confirmed largely stable methylation patterns over 100 years \[[@bib0360]\].

An important counterargument could be raised against the interpretation that epimutations at single CG sites are unlikely to be important for evolutionary processes. The assessment of stability of an individual epimutation at a CG locus assumes that all CGs act independently. However, DNA methylation status is tightly coupled to the surrounding chromatin environment. The global fast reversion rate of an epimutation at a CG therefore might reflect the fact that if any one CG loses or gains methylation it will be quite likely to be converted back due to the surrounding CG sequences that still carry the original methylation status. Epimutations therefore might act cooperatively, with the forward rate increasing as more surrounding CGs become methylated. Interestingly, a faster on-rate and slower off-rate were shown for methylation at individual CGs within TEs compared to those within genes \[[@bib0340]\]. It is therefore possible that larger regions exhibiting concerted epigenetic switching could be more stable \[[@bib0280]\] and therefore have a more imposing effect on long-term divergence.

MA lines are not ideal to investigate concerted epigenetic changes affecting large numbers of CG sites simultaneously because such regions are likely to form very rarely under MA conditions. However, as discussed above, epialleles that are found in natural populations are likely to be linked to nearby sequence changes. An alternative approach to study epialleles in isogenic backgrounds borrows another idea from classical laboratory evolution experiments. To generate sufficient diversity for laboratory evolution, "mutator" lines, which have an elevated mutation rate due to DNA repair defects, are often employed to introduce a lot of variation into the population very rapidly \[[@bib0365]\]. The variation can then be partitioned amongst different lines known as "Recombinant Inbred Lines" or RILs by crossing the mutator to the wild type and then inbreeding the offspring for multiple generations to make each line homozygous for a different set of mutations \[[@bib0370]\]. Similar approaches were employed in *Arabidopsis* to introduce epigenetic variation through disrupting key enzymes in the DNA methylation pathway \[[@bib0375]\]. The resulting lines show perturbation of 1000s of regions of the genome, forming "epialleles" where several CG sequences in the same region lose methylation. The \"epimutator" lines are then crossed back to the wild type and inbred these lines for several generations to generate a set of epiRILs. epiRILs can then be propagated to study how stable the epialleles are \[[@bib0375]\].

In *Arabidopsis,* the most fruitful insights into the stability of epialleles came through using ddm1 (decrease in DNA methylation 1), a chromatin-binding protein required for maintenance of CG methylation \[[@bib0380]\], as an epimutator \[[@bib0385]\]. Whole-genome bisulfite sequencing of a subset of epiRILs was performed after one generation and 8 generations of selfing \[[@bib0390]\]. This demonstrated that while many regions of the genome converted back to the wild type epigenetic state, several regions of the genome remained differentially methylated in comparison to the wild type parent line after 8 generations \[[@bib0390]\]. Regions targeted by small RNAs tended to revert to a greater extent than those without small RNAs, thus suggesting a potential mechanism determining the stability of different epialleles \[[@bib0390],[@bib0395]\]. This suggests strongly that some regions of the genome can indeed act cooperatively to preserve an alternative methylation state \[[@bib0400]\]. Interestingly, epiRILs were shown to have phenotypic differences, and these could even be mapped to different regions which were shown to have DNA methylation differences \[[@bib0385],[@bib0400]\].

3.4. Epigenetic changes as drivers for cancer evolution {#sec0045}
-------------------------------------------------------

The capacity of blocks of CG sequences to behave cooperatively as an epimutation with relatively high stability has direct relevance to human disease, in particular cancer. Importantly, cancers divide rapidly meaning that any individual cancer may have gone through \>100 somatic divisions at the point of diagnosis. Evolutionary processes such as natural selection and drift therefore operate within cancers \[[@bib0405]\]. Moreover, the somatic origin of most cancer types mean that they are not subject to processes such as genome-wide reprogramming which make transgenerational epigenetic inheritance rare in mammals \[[@bib0030]\]. Cancer cells show widespread alterations in epigenetic landscapes compared to their cell of origin (e.g. \[[@bib0410]\]. The complexity of the genomic changes that occur in cancer \[[@bib0415]\] mean that unravelling the contribution of sequence and epigenetic changes cannot yet be performed with any certainty. Nevertheless, there are a few tentative indications that epigenetic changes could act as drivers for evolutionary processes in cancer.

A classic example of a cancer-specific epimutation which might fulfil the criteria for a driver is biallelic methylation of the promoter of the MLH-1, which inactivates the mismatch repair pathway \[[@bib0420]\]. Approximately 10--20% of colon cancers with microsatellite instability are caused by this process with the remaining 50% due to more conventional mutational inactivation of the MLH-1 gene \[[@bib0425]\] Although mutations often occur in the silenced MLH-1 alleles, there is little evidence for common mutations between different MLH-1-silenced patients, suggesting that these mutations are likely passengers whilst the epigenetic silencing event itself is a driver event for tumour progression \[[@bib0425]\]. However, the silencing is strongly associated with activation of the oncogene BRAF \[[@bib0430]\], suggesting that although the methylation is a driver mutation, it is secondary to a different sequence change. In order for the MLH-1 epimutation to be defined as an epigenetic driver, it would have to be demonstrated that MLH-1 silencing can persist, once established, in the absence of oncogene activation, which has yet to be tested.

On a more general scale, a recent study used data from 25 different cancer types to uncover the variability in the methylome of different cancers. Intriguingly, the most hypervariable sites were strongly enriched for enhancer regions. The authors interpreted this as suggesting that changes in methylation at enhancers might promote the growth of cancers, and thus that enhancer methylation changes might be drivers for tumour progression in the absence of underlying sequence variation. However, these changes could also result from activation of an oncogene or tumour suppressor. Moreover, the interpretation that these promote tumour growth might have to be reevaluated in the light of recent work suggesting that the majority of mutational sites in cancer evolve neutrally rather than subject to either purifying selection or positive selection \[[@bib0435]\] although see [@bib0495], and thus paradoxically altered methylation status is more likely to be an indication of lack of function of the specific enhancer in the cancer tissue type. Nevertheless, the observation at least suggests that blocks with altered CG methylation can adopt different methylation status in a cooperative manner leading to a relatively stable epiallele formation.

Whilst studies of epigenetic changes in cancer are most advanced for DNA methylation, it is of course also possible that changes in other epigenetic features could occur in tandem or separately from DNA methylation alterations. Excitingly, recent experiments have used the ATAC-Seq method in order to study changes in global chromatin accessibility in fixed cancer samples \[[@bib0440]\], offering the possibility of identifying similar epimutations in enhancers associated with changes in chromatin structure such as histone modification, point mutations or nucleosome positioning.

As described for *Arabidopsis* for epimutations to fulfil the criteria of driver mutations it is crucial that there be a process whereby such changes can occur spontaneously in normal cells, without being caused directly through the activation of other oncogenic processes. One possibility is that epimutations arise through the process of cell division. Coordinated progression of the replication fork, histone assembly onto newly synthesised DNA and DNA methylation is required in order to reestablish epigenetic states after cell division and replication stress can interfere with this process \[[@bib0445],[@bib0450]\]. Indeed, interrupting the progression of the replication fork by structured DNA or DNA damage can lead to loss of epigenetic stability and aberrant gene expression which alters the epigenetic state for several generations \[[@bib0455]\]. This is a plausible mechanism whereby an epiallele could arise spontaneously in a cancer cell independently of either sequence changes at the locus or activation of oncogenes elsewhere in the cell \[[@bib0460]\]. However, the rate at which such changes occur at endogenous loci in isogenic lines has yet to be established and would be a key criteria for testing this model's applicability to epimutation accumulation in cancer.

4. Epigenetic drivers of mutation {#sec0050}
=================================

Even if epigenetic changes themselves are too unstable to drive evolutionary processes in the absence of sequence changes, epigenetic inheritance could still play a role in evolution through influencing how sequence variation is formed. This idea comes under the general heading of "genetic takeover" whereby a change that exists in a population as a purely epigenetic phenomenon might be cemented as a genetic change, at which point the epigenetic effect is either no longer required or is stabilised by the genetic alteration \[[@bib0190]\]. Essentially these ideas are molecular versions of the old concept of canalization proposed by Waddington \[[@bib0005]\]. Underpinning this broad concept however there are several subtly different scenarios, in which the contribution that the epigenetic change varies ([Fig. 2](#fig0010){ref-type="fig"}).Fig. 2- An illustration of how epigenetic inheritance could affect DNA sequence evolution. This hypothetical example follows an epimutation caused by acquisition of DNA methylation that leads to silencing of a gene. The phenotypic effect of the inactivation of the gene is beneficial under certain environmental conditions that the population is exposed to. This example is for illustration only; the same process could apply to other types of epimutation with different molecular effects.A- An epimutation arises in the population due to stochastic fluctuations (i.e. not promoted directly by environmental conditions). The effect of the epimutation is to silence a gene. Although it has a beneficial effect, the epimutation is unstable, because the same stochastic fluctuations can lead to the loss of the epimutation in individuals. However eventually a genetic mutation that inactivates the gene arises in the population. This has the same advantageous effect as the epimutation but is more stable and therefore eventually fixes in the population.B- An epimutation that silences a gene arises in the population due to stochastic fluctuations as in A, but this time the epimutation provides a survival advantage under adverse conditions. Thus, although the epimutation is still unstable, the survival advantage that it poses gives enough time for the genetic mutation with the same effect to arise by chance and go to fixation within the population.C- The epimutation that silences a gene occurs as a programmed response to the environment, thus occurs in every individual. Whilst the epimutation is unstable, this has the effect of accelerating the fixation of the inactivating mutation, which has the same effect as the epimutation because the population size remains high.D- The epimutation that silences a gene occurs as a programmed response to the environment as in C. However in contrast to C, the epimutation has the effect of increasing the mutation rate at the same locus, through the fact that cytosine methylation increases the C--T transition rate (see text for molecular details of this effect). Thus the inactivating DNA sequence mutation occurs even more rapidly within the population than in C and then fixes in the population.Fig. 2

In the simplest model of genetic takeover an epimutation occurs in a population at low frequency in the absence of a sequence change. However, instead of going to fixation as proposed for the "driver epimutation" hypothesis above, the epimutation leads to a transient advantage due to its limited stability. Eventually, a mutation arises in an individual possessing the epimutation which has the same effect as the epimutation. This mutation is more stable and then fixes in the population.

In the simplest version of this hypothesis the epimutation itself has little effect on the dynamics of evolution. This is because it makes no difference whether the mutation arises in an individual with the epimutation or without it. However, a slightly more elaborate version of this model considers a very strong environmental stress, such that all individuals without the epimutation are killed. The epimutation, although transient, then enables the population to survive long enough for the mutation that drives the change to occur.

One further elaboration to the model places the epimutation even more centrally. In this model the epimutation occurs in most individuals as a programmed response to the environmental change. The epimutation allows most individuals in the population to survive thereby speeding up the long-term adaptive process by keeping the population size large so that there is a higher probability that the mutation arises.

A final extension to these scenarios proposes that epimutation directly promotes mutation of the underlying DNA sequence. Acquisition of epigenetic silencing of a gene could lead to an increased rate of mutation of that same gene, hence directly promoting the process of genetic takeover. Such a scenario would be expected to produce the most rapid evolutionary change, but of course requires a clear mechanism linking epigenetic changes to changes in mutation rate.

One very clear way in which an epigenetic change might lead to increased mutation rate is through DNA methylation. Acquisition of DNA methylation in the formation of an epiallele might be expected to increase the rate of DNA sequence polymorphism within the region. Cytosine deamination is one of the most abundant sources of spontaneous DNA damage. Unmethylated cytosine is converted to uracil, which, as uracil is not one of the four canonical DNA bases, is a substrate for the Uracil-DNA glycosylases and targeted for repair \[[@bib0465]\]. However, methylated cytosine deaminates to a T, which is less easily recognised. Though specialised mechanisms to remove the T-G mismatch do exist \[[@bib0470]\], they are less efficient and deamination of methylated C can be shown to be the most prominent source of mutations in mammalian genomes \[[@bib0415]\].

Chromatin environment also affects mutation rate. Studies using cancer genomes showed that the mutation frequency varies by ˜10-fold between different chromatin environments, with repressed chromatin domains highest and active lowest \[[@bib0475]\]. Clever analyses determined that a significant component of this effect is the mismatch repair system \[[@bib0480]\], and further analysis suggested a mechanistic explanation through recruitment of mismatch repair to active genes preferentially by the interaction between MSH-2 and H3K36me3 \[[@bib0485]\]. Thus DNA repair is less efficient in repressed regions of the genome.

Taken together then, formation of an epiallele might lead to an increase in mutation rate. However, whether this process is sufficient to enable it to promote DNA sequence change in wild populations or even in cancer cells is still open to question. The increases in mutation rate although strong, still mean that the rate at which inactivating mutations would arise within a silent epiallele is still lower than the reversion rate of the epimutation. The rapid division and increased genomic instability in cancer might make it a more realistic target for epigenetically driven sequence change. It will be interesting to compare the rate of acquisition of inactivating mutations in epigenetically silenced tumour supressors to test this hypothesis further. At present however, the idea of promotion of DNA sequence change by epigenetic switching must remain speculative.

5. Conclusion {#sec0055}
=============

Future work investigating short-term dynamics of adaptation in natural populations may yet implicate an early role for epigenetics in evolutionary change. Nevertheless, so far the molecular studies discussed in this article suggest that transgenerational epigenetic changes in the absence of sequence change may be at best a minor contributor to short term adaptation and long-term evolution.

Based on this conclusion one can turn the question on its head to ask why it is that epigenetic changes do not have more of a significant role in evolution. The existence of epialleles, both in wild and laboratory situations shows that they are mechanistically possible. Yet globally, epigenetic changes are transient. An interesting possibility therefore is that organisms have evolved mechanisms in order to prevent epigenetic changes from becoming fixed in populations. The ability of epigenetic mechanisms to respond directly to the environment might be dangerous if their activities were to result in fixed gene expression differences for subsequent generations. This possibility is supported by the fact that some mutants in *C. elegans* show improved inheritance of epigenetic information \[[@bib0160],[@bib0165]\], albeit so far restricted to artificial situations. Perhaps the existence of specialised mechanisms to restrict transmission of epigenetic changes might indicate that organisms could regulate transgenerational epigenetic memory under particular conditions in order to enable rapid adaptation and fixation of epigenetics within the population. Such a model would also imply that there should be variability across organisms in their reliance on epigenetic inheritance to drive variation.

Even if natural populations turn out not to use epigenetic changes alone, it remains an important and understudied possibility that epigenetic changes could drive the development of cancer. Studying this is extremely difficult given the high degree of genomic instability in cancer and the difficulty in distinguishing driver from passenger mutations. Nevertheless, these studies could be very important as the plastic nature of epigenetic changes make them more easily reversible, for example by drug treatment, compared to DNA mutations. Rapidly growing availability of techniques to assess chromatin structure in small numbers of cells make this an attractive arena for future advances.
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